The Coma cluster was observed with an X-ray Imaging Spectrometer (XIS) onboard Suzaku in six pointings, including the central X-ray peak region, the 14 ′ west offset region, 30 ′ and 34 ′ north-west offset regions, and 44
Introduction
Clusters of galaxies are thought to grow into larger systems through complex interactions between smaller systems. Signatures of merging events include temperature and density inhomogeneities and bulk motions in the intracluster medium (ICM). Numerical simulations predict simplified bulk motions with a substantial fraction of virial velocity (∼1000 km s −1 ), lasting several Gyr after each merging event (e.g., Roettiger et al. 1996; Norman & Bryan 1999) . Measurements of the ICM temperature and velocity structure, therefore, provide crucial information for understanding the evolution of clusters.
Velocity measurements of bulk motion and turbulence are essential for mass estimation and cosmological studies. If ICM has a significant bulk velocity compared to its thermal velocity, the associated non-thermal pressure would threaten the assumption of hydrostatic equilibrium in deriving the total gravitational mass in a cluster. For example, factors of 2-3 discrepancies between the X-ray and lensing mass estimates in some objects (e.g., Ota et al. 2004; Hattori et al. 1999 ) could be partly due to this effect. Tamura et al. (2011) discovered a significant bulk motion in Abell 2256, which is a well known merging cluster. Schuecker et al. (2004) performed a Fourier analysis of XMM-Newton data of the Coma cluster, which revealed the presence of a scale-invariant pressure fluctuation ranging between 29 and 64 kpc, and ∼10% of the total pressure in turbulent form. However, in relaxed clusters, significant bulk motions and turbulence have not been detected. On the basis of ASCA and Chandra data, (Dupke & Bregman 2001; Dupke & Bregman 2006) claimed a large velocity gradient of ∼2400 km s −1 in the Centaurus cluster, which is a relaxed cluster with a cool core. However, Ota et al. (2007) found a negative result of |∆v| < 1400 km s −1 on the basis of Suzaku observations of the Centaurus cluster. Sato et al. (2008) also searched for possible bulk motions in the AWM 7 cluster with Suzaku, and observed no significant bulk motions. The upper limit of gas velocity was |∆v| < 2000 km s −1 . Fujita et al. (2008) do not detect the variation of the redshift of the ICM in the Ophiuchus cluster, and the upper limit of the velocity difference is 3000 km s −1 . Sugawara et al. (2009) studied the ICM flow in Abell 2319 with Suzaku, and detected no veloc-ity differences within the observed region. Using spectra with a Reflection Grating Spectrometer (RGS) onboard XMM-Newton, Sanders et al. (2011) provided upper limits on turbulence velocities in cluster core regions: at least 15 sources had less than 20% of the thermal energy density in turbulence.
The Coma cluster (z = 0.0231), also known as Abell 1656, is one of the most studied clusters (Biviano 1998 ) and has been observed at all wavelengths from radio to hard X-ray bands. However, the physical state, particularly the dynamical state, of the Coma cluster has not been completely understood. Measurements of the velocity dispersion and distribution of galaxies belonging to the Coma cluster constrain the dynamical history of the Coma cluster. Fitchett & Webster (1987) found that two central galaxies, NGC 4889 and NGC 4874 have a significant difference in velocity, which is evidence of a recent merger. Colless & Dunn (1996) argued that NGC 4874 was the original dominant galaxy of the main cluster, and that NGC 4889 belonged to a subgroup, that recently merged with the main cluster. A substructure associated with the galaxy, NGC 4839, located 40
′ south-west of the cluster core, was found by Mellier et al. (1988) and Merritt & Trimbley (1994) . The existence of this subcluster was confirmed by Colless & Dunn (1996) .
The thermal X-ray emission of the Coma cluster has been observed with several X-ray satellites. Briel et al. (1992) constructed an X-ray map of the Coma cluster using ROSAT All-Sky-Survey data and determined the X-ray surface brightness profile of the cluster out to a radius of roughly 100
′ . The temperature maps of clusters provide knowledge about the history of past subcluster mergers. On the basis of ASCA observations, Honda et al. (1996) and Watanabe et al. (1999) found that ICM is not isothermal. Arnaud et al. (2001) used XMM-Newton to study the temperature structure in the central region of the Coma cluster. The projected temperature distribution around NGC 4889 and NGC 4874 is remarkably homogeneous, which suggests that the core is mostly in a relaxed state. Except at the center, the temperature decreases slightly with radius. A cool filament of an X-ray emission in the direction of the galaxy NGC 4911, which is located in the south-east of the cluster center, was detected with Chandra (Vikhlinin et al. 1997 ) and XMM (Arnaud et al. 2001) . ROSAT observed a substructure around the NGC 4839 subgroup (White et al. 1993) , and a hot region in the direction of NGC 4839 was observed by Arnaud et al. (2001) . By XMM-Newton observations, Neumann et al. (2001) found compelling evidence for the subgroup around NGC 4839 was on its first infall into the Coma cluster, but it had not passed its core yet. This interpretation is different from that of Burns et al. (1994) , who suggested that the NGC 4839 group was moving out of the cluster after having already passed through the Coma cluster.
Non-thermal electrons, observed via diffused radio synchrotron emission, have been detected in more than 50 clusters, and all of them are undergoing mergers (e.g., Buote 2001; Schuecker et al. 2001 ). The Coma cluster also has a cluster-wide synchrotron radio halo, emitted by relativistic electrons due to merging (Feretti & Giovannini 1998) . Recent non-thermal detections have been claimed by Rephaeli & Gruber (2002) with RXTE and by FuscoFemiano et al. (2004) ; Fusco-Femiano et al. (1999) with BeppoSAX, although the latter detection is controversial (Rosetti & Molendi 2004; Fusco-Femiano et al. 2007 ). Long observations (∼1 Ms) by INTEGRAL have imaged extended diffuse hard X-ray emission from the Coma cluster, although it was found to be completely consistent with thermal emission (Renaud et al. 2006; Eckert et al. 2007; Lutovinov et al. 2008) . Using the temperature map of ICM obtained with the PN detector onboard XMMNewton, Wik et al. (2009) analyzed data obtained from the Suzaku Hard X-ray Detector (HXD) (Takahashi et al. 2007 ) and derived the strongest upper limit of nonthermal emission.
This paper reports results from six Suzaku observations of the Coma cluster out to 60 ′ , ≃1.5 Mpc, conducted using the X-ray Imaging Spectrometer (XIS) (Koyama et al. 2007 ) onboard Suzaku (Mitsuda et al. 2007 ). Owing to its lower background level, Suzaku has better sensitivity to the iron Kα lines than previous satellites. In addition, the accurate calibration of XIS allows us to measure the velocity of ICM precisely.
We used the Hubble constant, H 0 = 70 km s −1 Mpc −1 . The distance to the Coma cluster is D L = 101 Mpc, and 1 ′ corresponds to 28.9 kpc. We used the abundance ratio by Lodders (2003) , in which the solar Fe abundance relative to H is 2.95×10 −5 . Errors are quoted at a 90% confidence level for a single parameter.
The remainder of this paper is organized as follows: we present the observations in section 2 and describe the data analysis in section 3. We describe the results of spectral fittings and temperature structure in subsection 4.1, bulk motions in subsection 4.5, and the Fe abundance in subsection 4.6. In section 5, we discuss the results, and in section 6, we summarize the findings.
Observation and Data Reduction
Suzaku carried out six observations in the Coma cluster. The details of the observations are summarized in table 1. Two central observations were carried out in May 2006, during the Suzaku Phase-I period. The first observation, "Coma Radio halo", has a pointing that is 5 ′ offset from the X-ray peak of the Coma cluster, which has coordinates (RA, Dec) = (194.9367, 27.9472) XIS was operated in its normal mode during observations. The XIS instrument consists of four sets of X-ray CCD (XIS0, 1, 2, and 3). XIS1 is a back-illuminated (BI) sensor, while XIS0, 2, and 3 are front-illuminated (FI) sensors. XIS2 was not used during the four offset observations beyond 30 ′ from the X-ray peak. Figure 1 shows a 0.5-4.0 keV image of XIS0.
We performed data reduction using HEAsoft version 6.6.3. XIS event lists created by the rev 2.0 pipeline processing were filtered using the following additional criteria: the geomagnetic cut-off rigidity (COR2) > 6 GV, and elevation angle from the earth limb > 10
• . The data formats of 5x5 and 3x3 editing modes were added. The exposure times after the data selection are shown in table 1.
To study the temperature structure and search for possible bulk motions of ICM in the Coma cluster on the scale of a few arcminutes, we divided the 18 ′ × 18 ′ square XIS field of view (FOV) of the center and 14 ′ offset regions into 4 × 4 and 2 × 2 cells, respectively, as shown in figure 1. Each region in the center and 14 ′ offset regions subtends 4. ′ 5×4. ′ 5 (117×117 kpc), and 9 ′ × 9 ′ (234×234 kpc), respectively. Regions around calibration sources were excluded. Luminous point sources in which the flux limit corresponds to ∼ 10 −3 counts s −1 in the 2.0-10.0 keV energy range were also excluded as circular regions with a radius of 1 ′ . At most 10 point sources were excluded for each of the observed regions. We extracted spectra from the whole XIS FOV for regions more than > 30 ′ from the X-ray peak. The non X-ray background (NXB) was subtracted from each spectrum using a database of night Earth observations with the same detector area and COR distribution (Tawa et al. 2008) .
We included the degradation of energy resolution due to radiation damage in the redistribution matrix file (RMF) generated by the xisrmfgen Ftools task. We also created an ancillary response file (ARF) using the xissimarfgen Ftools task (Ishisaki et al. 2007) . A decrease in the low-energy transmission of the XIS optical blocking filter (OBF) was also included in ARF. To generate ARF files for the center and 14 ′ offset regions, we used a β-model profile for the simulated surface brightness profile in Briel et al. (1992) . For 30 ′ , 34 ′ , 44 ′ , 60 ′ , and 5 degree offset regions, we generated ARFs assuming a uniformly extended emission from an encircled region with a 20 ′ radius, because the gradient of surface brightness within each FOV is small. We used the XSPEC v11.3.2ag package for spectral analysis.
Data analysis
We have investigated the temperature structure, bulk motions, and iron abundance distribution of the Coma cluster. We fitted the spectra with a thermal plasma model (APEC: Smith et al. 2001 ) to obtain the temperature, redshift and Fe abundance of ICM. A detailed spectral analysis is presented in subsection 3.2. We used three Gaussian models to obtain the temperature using the normalization ratio of Kα lines of H-like and He-like Fe, and redshift using the shift of line centroid energy, which is presented in subsection 3.3. . NXB-subtracted spectra of the 5 degree offset region in the 0.3-8.0 (red: XIS1) and 0.5-8.0 keV energy ranges (black and green for XIS0 and 3, respectively), ignoring the 1.40-1.55 keV energy range, where a relatively large uncertainty exists in the instrument background (Tawa et al. 2008 ). The bottom panel shows the residuals of the fit.
First, we fitted the spectra in the 5
• offset region to determine the local X-ray background. As shown in Yoshino et al. (2009) , the background emission of Suzaku XIS can be fitted with a three component model: two thermal plasma models (APEC: Smith et al. 2001) for the local hot bubble (LHB) and the Milky Way halo (MWH), and a power-law model for the extragalactic cosmic X-ray background (CXB). MWH and CXB components were convolved with an absorption in the Galaxy. We, therefore, fitted the spectra simultaneously in the 0.5-8.0 keV energy range for XIS FIs and the 0.35-8.0 keV energy range for XIS BI using the following model formula: apec LHB + wabs * (apec MWH + power-law CXB ). We assumed a zero redshift and a solar abundance for LHB and MWH components. The temperature of LHB was fixed at 0.07 keV (Takei et al. 2008) , while the temperature of MWH was variable. The column density of the Galactic neutral hydrogen was fixed at 1.0×10 20 cm −2 (Kalberla et al. 2005) . To avoid systematic uncertainties in the background, we ignored the 1.40-1.55 keV energy range, where a relatively large uncertainty exists because of an instrument Al line (Tawa et al. 2008) , and energies above 8 keV. We also excluded the narrow energy band between 1.82 and 1.84 keV in the fits because of incomplete responses around the Si edge. Results of the spectral fit are shown in figure 2 and the resultant parameters of the fit are shown in table 2. The derived photon index and normalization of the CXB component agree with Kushino et al. (2002) and Takei et al. (2008) . The derived temperature and normalizations of the two thermal models are consistent with those obtained from XMM and Suzaku observations (Lumb et al. 2002; Yoshino et al. 2009 ).
We generated the simulated spectra of the X-ray background including LHB, MWH, and CXB emissions derived from the resultant parameters of the fits in the 5
• offset region. We used the simulated spectra as the background to fit the spectra for ICM of the Coma cluster. Figure  3 shows the comparison between the XIS0 spectra of the 60 ′ offset region of the Coma cluster and backgrounds. Above 7 keV, NXB dominates the observed spectra of the 60 ′ offset region. We also show the background-subtracted spectrum of the 60 ′ offset region of the Coma cluster in figure 3 (blue). The X-ray background spectra are well reproduced.
Spectral fits with single-, two-and three temperature models
We fitted the XIS spectra in each region of the Coma cluster using a single temperature model (APEC) with the Galactic absorption, N H . Each spectral bin contained 50 or more counts. We fitted the spectra in two energy bands: 1.0-8.0 and 5.0-8.0 keV. To avoid systematic uncertainties in the background, we ignored energies higher than 8 keV. We also excluded the narrow energy band between 1.82 and 1.84 keV in the fits because of incomplete responses around the Si edge. Temperature, redshift and normalization of the single temperature model were free parameters, and N H was fixed to the Galactic value, 1.0 × 10 20 cm −2 , in the direction of the Coma cluster. Abundances of He, C, N, and Al were fixed to be a solar. We divided the other metals into three groups: O, Ne and Mg; Si, S, Ar and Ca; and Fe and Ni, and allowed them to vary. The resultant parameters are summarized in table 3, and a sample of the spectra is shown in figure 4 . Since our data have very high statistics, especially in the central region, there remain residual structures around the Si edge structure. These residuals are probably caused by systematic uncertainties in the response matrix because the BI and FI detectors gave different residuals. Therefore, to avoid systematic uncertainties in all regions, we excluded the energy range of 1.7-2.3 keV and fitted the spectra again. The derived temperatures hardly changed, although the reduced χ 2 decreased by 20%. The resultant χ 2 are summarized in table 3. To constrain the temperature structure, we fitted the spectra of the center and offset regions with a twotemperature (APEC) model in the energy range of 1.0-8.0 keV, ignoring the energy range of 1.7-2.3 keV. The χ 2 are improved slightly by less than a few percent. The derived temperatures of one component are similar to those derived from the single-temperature model fits, and those of the other component are either above 10 keV or below 2 keV. To obtain more detailed constraints for the lower and higher temperature components, we fitted the spectra with a three-temperature (APEC) model in the energy range of 1.0-8.0 keV, excluding the 1.7-2.3 keV energy range to avoid uncertainties in the response matrix. In this model, the lowest, middle and highest temperatures are restricted to below 6 keV, within 6.0-10.0 keV, and above 10.0 keV, respectively. The resultant χ 2 values are shown in table 3.
To derive the Fe abundance and velocity of the bulkmotion from Fe-K lines, we fitted the spectra of each region with the single-temperature APEC model in an energy range of 5.0-8.0 keV. The results are shown in table 3.
To precisely determine the bulk velocity of ICM, the accuracy of photon energy measurements is crucial. Some sensors have large uncertainties in the determination of the line centroid energy. Thus, we averaged the spectrum over FOV in (i) all detectors, and (ii) all detectors except for different Mn Kα line centroid energies to check the spectral shape and measured redshift in the center and NGC 4839 regions (44 ′ offset region).
Central energy and normalization ratio of Fe lines
To derive the ICM temperature from the normalization ratio of Kα lines of H-like and He-like Fe, and the possible bulk motions of ICM from the central energy of the lines, we fitted the spectra in the energy range of 5.0-8.0 keV with a sum of bremsstrahlung and three Gaussian components, which correspond to Kα lines of He-like and H-like Fe, and a mixture of the Kα line of He-like Ni and the Kβ line of He-like Fe. The temperature and normalization of the bremsstrahlung component, and the central energy and normalizations of the Gaussian components were free parameters, while the line width of Gaussian models was fixed at 0. The best-fit spectra are shown in figure 5. Figure 6 shows a radial profile and map of the derived temperatures from the spectral fits with the single temperature (APEC) model in the energy range of 1.0-8.0 keV. The radial temperature profile of the Coma cluster is relatively flat within ∼500 kpc, which corresponds to the 14 ′ offset region, and decreases with the radius to the outer region. While the regions observed with Suzaku are limited, the resultant temperature profile is similar to that derived from XMM-Newton observations, which cover nearly the entire Coma cluster out to ∼1200 kpc (Matsushita 2011) .
Results

Temperature structure of ICM
Excluding the south-east quadrant (cell numbers: 2,3,6, and 7), and the 14 ′ offset region, temperatures of cells in the center region have a flat distribution within a small range between ∼8 keV and ∼9 keV. Within 300 kpc from the X-ray peak in the center region, the weighted mean temperature with statistical errors of the 16 cells is 8.34±0.19 keV. The south-east quadrant (cell numbers: 2,3,6, and 7) in the center region has a slightly cooler temperature: the weighted average with statistical errors of the four cells is 7.39±0.11 keV. This value is close to that of 5.0-7.0 keV in the cool temperature region observed by XMM-Newton, which would be a counterpart of the southeast quadrant region (Arnaud et al. 2001) . On the other hand, the north-west quadrant in the center region (cell numbers: 8,13, and 14) and the nearby area of the 14 ′ offset region (cell numbers: 17,18) have slightly higher temperatures of ∼9 keV. The 34 ′ offset region located to the north-west of the 14 ′ offset region, also has a relatively high temperature of ∼8-9 keV. This direction corresponds to the hot spot, kT = 12.7 +3.6 −2.0 keV in Donnelly et al. (1999) with ASCA, and kT = 8.4±0.4 keV in Arnaud et al. (2001) with XMM-Newton. Recent INTEGRAL observations have shown a surface brightness excess relative to XMM observations, which is well-represented by the extended hot thermal emission with ∼ 12 ± 2 keV (Eckert et al. 2007 ).
The temperature in the 30
′ offset region is around ∼6-7 keV, and is clearly cooler than temperatures in the inner region. This value is consistent with the previous results in Honda et al. (1996) , and Takei et al. (2008) .
The 44 ′ and 60 ′ offset regions include the NGC 4839 subcluster, and temperatures decreases with radius to 5.31±0.20 keV and 3.74±0.13 keV, respectively. These values are cooler than those in Honda et al. (1996) (Neumann et al. 2001) . Suzaku provided more significant temperatures than previous measurements in these regions.
In summary, the temperature distribution observed with Suzaku is fairly consistent with the previous results observed with ASCA, XMM and INTEGRAL. In addition, we note that statistical and systematic errors with Suzaku are much smaller than those in previous results. 
Fits with three-temperature models
As shown in figure 4 , the spectra in the energy range of 1.0-8.0 keV are well-represented by the single-temperature model. Except for discrepancies between FI and BI detectors around the Si-edge, there are no systematic residuals. Figure 7 shows a comparison of the resultant χ 2 fitted with single and three temperature (APEC) models in the energy range of 1.0-8.0 keV, excluding the 1.7-2.3 keV energy range. A more statistically rigorous approach would be to apply the f-test to compare single-temperature and three temperature models. The f-test indicates that the three-temperature model is significantly better than the single-temperature model in regions 1, 5, 6, 7, 9, 10, and 11 of the center region and 17 of the 14 ′ offset region, and better in regions 2, and 14 of the center region, and 16, and 19 of the 14 ′ offset region, 30 ′ offset region, 44 ′ offset region, and 60
′ offset region. The largest f statistic value is 11.4 in cell number 7 of the center region, and the least f statistic value is 0.238 in cell number 8 of the center region. However, the single-temperature model fit still represents the spectra fairly well.
Temperatures derived from Fe line ratios
The spectra accumulated over each region may contain multi temperature components, although the single temperature (APEC) model represented those spectra well. Because the ratio of He-like and H-like Fe Kα lines strongly depends on the plasma temperature, comparisons of temperatures derived from the line ratio and spectral fits with the thermal model are useful for understanding the temperature structure of ICM. Figure 8 shows the ratios of the resultant normalizations of the Fe Kα lines, plotted versus the temperature derived from the spectral fits with the single temperature (APEC) model in the energy range of 1.0-8.0 keV. To convert line ratios to plasma temperature, we generated mock spectra assuming the single temperature APEC or MEKAL (Mewe et al. 1985; Mewe et al. 1986; Kaastra 1992; Liedahl et al. 1995 ) plasma code models, convolved with XIS energy resolution. We then fitted the mock spectra with a sum of a bremsstrahlung and three Gaussian models. The theoretical line ratios from APEC and MEKAL plasma codes are also plotted in figure 8. The derived line ratios agreed with these theoretical line ratios of the APEC plasma code assuming the single temperature model, while the MEKAL model gave a line ratio value several % lower at a given temperature. Assuming a single temperature plasma, we converted the observed line ratios to plasma temperatures using the theoretical relation for the APEC model. Results are shown in table 3 and figure 8. As shown in figure 8 , line temperatures agreed with those derived from the spectral fits very well.
4.4.
Temperatures at the edge of the radio halo Brown & Rudnick (2011) claimed a significant temperature difference of ICM at the edge of the radio halo on the basis of XMM-Newton observations: The temperature at the inner edge of the radio halo is 6.8±0.6 keV, while the temperature at the outer edge of the radio halo is 16.3±2.9 keV. To examine this temperature difference, we extracted spectra from counterpart regions in the 34 ′ offset region, which are represented by two red boxes in figure 9 , and fitted the spectra with the single temperature (APEC) model. As shown in figure 9 , there are no significant temperature differences for each box in the 34 ′ offset region. We then divided FOV of the 34 ′ offset region into 2×2 cells as shown in figure 9 , and fitted the spectra with the single temperature (APEC) model. The derived temperatures are also consistent with each other.
Search for ICM Bulk Motions
Systematic uncertainty in the energy scale
To constrain the line-of-sight gas motion using the He-like Fe-Kα line, precise calibration of the XIS energy scale is crucial. Because the six data sets used in the present analysis have three different observation epochs (May 2006 , June 2009 and December 2009 , it is necessary to check the energy scale for each observation. In addition, the energy gain may vary from place to place on the same CCD chip owing to the charge transfer inefficiency. We thus estimate the XIS calibration uncertainty in the following two ways: (i) measurements of the calibration source energy and (ii) comparisons of redshift values derived from four or three sets of XIS.
(i) The fiducial absolute energy scale can be examined by measuring the centroid energy of the Mn Kα line from built-in calibration sources, which illuminate two corners of each XIS chip. The spectra accumulated from the calibration source regions were fitted to the power-law model for continuum and two Gaussian functions for the Mn Kα line at 5.894 keV and Mn Kβ line at 6.490 keV. Because the Mn Kβ line has an intrinsically complex line shape and is contaminated by the cluster iron emission, only the Mn Kα line is used for the calibration. Figures 10 and 11 show the result of spectral fitting and the Mn Kα line centroid energy, respectively.
As shown in the left panel of figure 11 , measured line energies for the center or 14 ′ offset regions are systematically lower than the Mn Kα line energy by 7.3 eV if they are averaged over four sensors and two detector segments in each pointing. For XIS3, centroid energies are lower than those of the other three chips, however, we confirmed that the spectral analysis of the redshift measurement with and without XIS3 gave statistically consistent results (see section 4.5.3 for more details). We then estimate the 1σ systematic uncertainty on the energy scale to be σsys,Mn = 7 eV. This is justified also from the fact that if we calculate the χ 2 value using the measured Mn Kα line centroid Ei and the 1σ statistical error σi in the XIS-i detector, and the Mn Kα line energy in literature E . χ 2 is defined as
sys,Mn ). With σsys,Mn = 7 eV, χ 2 becomes less than 10 for 7 degrees of freedom, which means the probability of χ 2 exceeding χ 2 versus the number of degrees of freedom becomes less than 10%: the number of bins is 8 for four sensors and two detector segments, and E can be regarded as being consistent with E when we consider σsys,Mn = 7 eV. In the same manner, the systematic errors are obtained as σsys,Mn = 1 eV, 1 eV, 6 eV, 4 eV for 30 ′ , 34 ′ , 44 ′ , and 60 ′ offset regions, respectively. Therefore, for the safety's sake, we assign 7 eV for the 1σ (68% confidence level) gain uncertainty.
(ii) Though calibration sources provide information on the absolute energy scale at the corners of CCD chips, the gain may be dependent on position. This intrachip variation can be effectively studied by comparing line energies of the same sky regions (which correspond to different detector regions) on four or three XIS sensors (see also section 3.1 in Ota et al. 2007 ). To examine this issue, we divided the center region into 16 cells, and fitted the AP EC model in the energy range of 5.0-8.0 keV for each XIS sensor. We then estimate the 1σ systematic error with a reference to obtained redshift, calculating as χ 2 = 15 k=0 is the 1σ statistical error in the XIS-i detector. With σsys =11 eV, χ 2 becomes less than 17 for 11 degrees of freedom, which means the probability of χ 2 exceeding χ 2 versus the number of degrees of freedom becomes less than 10%: the number of bins is 12 for the spectral regions except for the calibration source region in the center region. σ (XIS−i) k is ∼ 10 eV, which is larger than the gain uncertainty: thus, we ignored σ (XIS−i) k to avoid underestimating the systematic error. Because σ (XIS−i) k is ignored in these estimates, the obtained value is an upper limit for intrachip variation within a 68% confidence level.
In summary, the intrachip variation is an upper limit and is larger than the gain uncertainty. Thus, we concluded from (i) and (ii) that the 1σ systematic error within a 68% confidence level is 11 eV. The systematic error is then 18 eV, which corresponds to 818 km s −1 in the line of sight velocity, when we quote a 90% confidence level. 
Redshift Measurements from Two Different Spectral Models
As mentioned in subsection 3.2 and 3.3, the line-of-sight velocity of ICM or redshift can be evaluated using two different spectral models: the APEC model or the bremsstrahlung with three Gaussian lines. It is then useful to compare these results and see if there is any systematic uncertainty in the redshift measurement due to spectral modeling. In the APEC model, the temperature dependence of the Fe Kα line energy is already implemented in the plasma code, which in turn evokes a parameter coupling between the temperature and line energy (or redshift). On the other hand, in the bremsstrahlung+Gaussian model, the line centroid should be determined almost independently of the continuum temperature, although its temperature dependence has to be corrected later. We did this correction by deriving the rest-frame Fe Kα centroid energy as a function of temperature on the basis of spectral simulations, assuming the APEC model and XIS energy responses.
In figure 12 , the comparison of redshift measured by the two different models is shown for all analysis regions defined in figure 1. Because there consistency between the two within their statistical errors, we conclude that either method robustly determines the ICM redshift for the present observations. Therefore, we will show results of the fits with the APEC model because the uncertainties with APEC are smaller.
Redshift Measurement from the APEC model
The obtained redshifts from the spectral fits with the single temperature (APEC) model in the energy range of 5.0-8.0 keV are shown in figure 12 , where the ICM velocity in the line of sight is also calculated as v l ≡ c(z − z cl ). The resultant redshifts are consistent with the optical redshift in Colless & Dunn (1996) from the NED data base 1 , within statistical and systematic errors, which corresponds to ±0.0027 in the redshift. The direct measurements of the central energy of the Kα line of He-like Fe also give almost the same redshifts derived from the spectral fits with the single temperature (APEC) model. To quantitatively derive the redshift, we calculated the mean redshift of the ICM in all pointings to be z obs = 0.0227 ± 0.0005. This is slightly lower than the optical redshift, z cl = 0.0231 from the NED database, but within 90% error. As shown in table 3, in the center and 14 ′ offset regions, the derived highest and lowest redshift are z highest = 0.0242±0.001 for cell numbers 5 and 8 of the center region, and z lowest = 0.0209±0.001 for cell number 2 of the center region. Based on these redshift measurements, the derived ICM bulk velocities are v highest = 330 ± 300 km s −1 , and v lowest = −660 ± 300 km s −1 . Including systematic errors of ±818 km s −1 with 90% confidence level (Section 4.5.1), there is no significant difference. We estimate the 90% upper limit on the velocity gradient to be ∆v = 990 ± 424 ± 1157 km s −1 . If we further add systematic and statistical errors in the quadrature, the upper limit of the gas velocity within the 90% confidence level becomes |∆v| < 2200 km s −1 . For simplicity, assuming that the gas is rigidly rotating at a typical circular velocity of σr ∼ |∆v|/2, then σr = 1100 km s −1 , which does not exceed the sound velocity of the Coma cluster, which is 1500 km s −1 for a temperature of 8 keV. The average redshift in the center region is as follows: 0.0227 ± 0.0011 in the northwest region (cell numbers 8, 9, 12, and 13), 0.0214 ± 0.0013 in the south-west region (cell numbers 10, 11, 14, and 15), 0.0236 ± 0.0012 in the north-east region (cell numbers 0, 1, 4, and 5), and 0.0222 ± 0.0012 in the south-east region (cell numbers 2, 3, 6, and 7). We also show the averaged redshift over FOV in the upper panel in table 4. These results are consistent with each other in the center region, and with the observed redshifts in the 14 ′ offset region within statistical and systematic errors. The difference in the ICM velocity between the center and 30 ′ offset regions is derived as ∆v = 90 ± 1350 ± 818 km s −1 , and the difference between the center and 34 ′ offset regions is ∆v = −1050 ± 3300 ± 818 km s −1 . These are also consistent with each other. Components of the velocity in the plane of the sky are not measured. If we assume that three components are similar, then the limit on the radial velocity translates into a limit of √ 3 × 290 ∼ 500 km s −1 , which does not exceed the speed of sound and is consistent with systematic errors. Therefore, there were no significant velocity variations on the 10 ′ scale within central regions (center and 14 ′ , 30 ′ , and 34 ′ offset regions) from our analysis. In the NGC 4839 subcluster region (44 ′ offset region), the observed redshift is 0.0269±0.0033, which corresponds to 1140±990 km s −1 as the ICM bulk velocity without systematic errors. There also seems to be no significant difference between the core of the Coma cluster and the NGC 4839 subcluster within the 90% confidence level.
As mentioned in subsection 4.5.1, some sensors have large uncertainties in the determination of the line centroid energy. On XIS3 in the center region, the Mn Kα line centroid energy of segment A was different from others. Similarly, the segment D of XIS1 in the NGC 4839 region was also different. We averaged the spectrum over FOV in (i) all detectors, and (ii) all detectors except those with different Mn Kα line centroid energies to check the spectral shape and measured redshift in the center and NGC 4839 regions (44 ′ offset region). The results are shown in the lower section in table 4. For the center region, the derived redshifts were fairly consistent including XIS3 or not. On the other hand, for the NGC 4839 subcluster region, the resultant redshift changed slightly from 0.0268 to 0.0287, although this was also consistent within statistical and systematic errors. As shown in figure 11 , the peak of the He-like Fe-Kα line of XIS1 is more shifted than that of the other two sensors. The measured redshifts in the 44 ′ offset region were 0.0271±0.0023, 0.0303±0.0051, and 0.0255±0.0027 for XIS0, 1, and 3, respectively. Because the measured redshift of the averaged spectra between XIS0 and 3 was consistent with the redshift from simultaneous spectral fits, the value 0.0269 would be plausible.
In conclusion, there was no significant difference in the ICM velocity between the core of the Coma cluster and the NGC 4839 subcluster within 90% confidence.
Fe abundance of ICM
To measure the abundance using the strong Fe-K lines, we employed the results of spectral fitting in the 5.0-8.0 keV energy range for the Fe abundance. Because of the good statistics, the spectra in the lower energy band primarily determine the fitted temperatures. Although the spectra are well fitted with a single-temperature model, a small discrepancy between the model and data around the Fe-K line can yield a large systematic uncertainty in the derived Fe abundances. Within the 34 ′ region, temperatures and abundances derived from the spectral fitting in the 5.0-8.0 keV energy range agree well with Table 4 . Results of the redshift measurement with the single temperature (APEC) model in the energy range of 5.0-8.0 keV. The upper section shows the averaged redshift for each region with all XIS sensors simultaneously. The lower section shows the redshift in each field with the averaged spectral fits. XIS detectors that are included are shown in parentheses. Systematic errors of ±818 km s −1 in the X-ray (cz) were not included in this table. Optical redshifts are referred in Colless & Dunn (1996) . field X-ray (z) Optical (z) X-ray (cz) Optical (cz) km s The Fe abundance in the NGC 4839 subcluster region is comparable to that in the central region, and higher than that in the 30 ′ and 34 ′ offset regions. The average value in the subcluster region is 0.33±0.09 solar. This value is also consistent with that in Neumann et al. (2001) , although the error bars in their results are much larger than those in our results.
Discussion
Temperature measurements with Suzaku
X-ray observations of clusters of galaxies can play a major role in determining cosmological parameters, because of the importance of measuring gravitational mass. The ratio of He-like Kα to H-like Kα lines of Fe is a very steep function of temperature, and has a different temperature dependence from that of the continuum. The continuum emission is affected by the systematic uncertainties in the response and non-thermal emission, while the line ratio does not. Thus, by comparing the fitted temperatures between these two methods, the effects of the systematic uncertainty in the response and/or of the non-thermal emission is increased. Using the APEC plasma code, the temperatures derived from the spectral fitting of the 1.0-8.0 keV energy range and the line ratio of Fe agree within a few percent when we averaged all regions. The systematic uncertainties in temperatures from the line ratio are in the level of the systematic difference between those from APEC and MEKAL, which is about 3%. The consistency of observed temperatures from the continuum and those from line ratios supports the accuracy of Suzaku measurements of plasma temperature. In contrast, systematic differences of ∼ 10% in the cluster temperature among Chandra, PN, and MOS were reported in relatively high-temperature clusters (Snowden et al. 2008) . Even using the same instrument, the derived temperatures changed systematically by ∼ 10% between calibrations (Reese et al. 2010; Matsushita 2011) .
A systematic uncertainty of several percent in response matrices of a detector can also cause systematic uncertainties in the temperature structure. Matsushita (2011) found that the temperature structures of ICM in the Coma cluster derived from multi-temperature fits with PN and MOS spectra were different, although the two detectors gave consistent temperatures within several percent. When they allowed higher temperature components over 10 keV in hot clusters including the Coma cluster, using MOS data, Fe abundances from the Helike line increased by several tens of percent, owing to artificial detection of a hot component, while those derived by PN were unchanged. However, with Suzaku, we found that the singletemperature model fits the spectra of the Coma cluster very well, and we do not need temperature components above 10 keV or below 2 keV to fit the spectra. The multi-temperature components observed by XMM were not needed.
In the outer regions of clusters at low surface brightness, uncertainties in the background of Chandra and XMM also lead to systematic uncertainties in ICM temperatures. Some analyses found that ICM temperatures decreased outward by half at 0.6r180 (e.g., Vikhlinin et al. 2005; Pratt et al. 2007 ), while others found flatter profiles (e.g., Arnaud et al. 2005) . Systematic uncertainties in the derived temperatures due to uncertainties in the background with Suzaku observations are much smaller, because Suzaku XIS has a much lower and more stable background. Also, previous XMM and Chandra results of temperatures in the outer regions have statistical errors more than 20%, while those of Suzaku have errors less than 10%.
Effect on the search of a hard component
We need precise measurements of ICM temperatures to search for a non-thermal hard component as an excess of the thermal component. On the basis of the ICM temperature map derived with XMM-PN, Wik et al. (2009) found that the Suzaku HXD-PIN spectrum was described with the thermal emission from ICM, and there was no significant evidence of excess hard emission. The temperatures of the Coma cluster derived from Suzaku-XIS are consistent within error bars with those from the PN detector: the weighted average of temperatures with statistical errors within the center field is close to that derived with XMM-PN within a few percent. The temperatures of offset fields are consistent with those from XMM-PN within error bars. Thus, our results support the non-detection of non-thermal hard emissions by Wik et al. (2009 ) Ota et al. (2008 reported the existence of hot gas at 25.3
keV in RX J1347.5-1145. They concluded that the gas properties can be explained by a fairly recent (within the last 0.5 Gyr) collision of two massive (5×10 14 M⊙) clusters with bulletlike high velocity (∆v ∼ 4500 km s −1 ). In contrast, Wik et al. (2009) found that there was no extremely high temperature gas in the Coma cluster in the HXD-PIN spectrum up to 70 keV. On the basis of the consistency of derived temperatures from the continuum and the line ratio and the results from the spectral analysis of HXD-PIN, we conclude that the amount of very high temperature gas is rather small. From the spatial variation of the derived temperatures, there is no region with extremely hot temperature: the derived temperatures range from 7.0 to 9.0 keV within the center, 14 ′ offset, and 34 ′ offset regions.
The Coma cluster has a cluster-wide synchrotron radio halo. If the electrons in the cluster were accelerated by a very strong shock that occurred owing to a recent merger, we might expect the cluster to contain more very hot gas, although it is difficult to make this argument quantitative. In any case, in the Coma cluster, relativistic electrons producing the radio halo were apparently generated without producing a large amount of very hot gas. An example of a process which might do this is the turbulent re-acceleration model (e.g., Brunetti et al. 2001 ).
Temperature structure of the Coma cluster
Within the center and 14 ′ offset regions the spatial variation of derived temperatures is relatively small, from 7 keV to 9 keV. There are no extremely hot and cool regions. We did not detect any temperature jump corresponding to a shock in the offset regions. Within each region for the spectral analysis, the single-temperature model fit the spectrum. Therefore, in the center of the Coma cluster, ICM is in a nearly relaxed state.
Although the variation was small, there was some asymmetric temperature structure, like a hot region northwest of the center. If the cluster had been an isolated system collapsing from self-gravity, the temperature structures would be symmetric. The observed asymmetry in the temperature distribution indicates that external effects or interactions, such as merging, have occurred. Numerical simulations of the evolution of the cluster (e.g., Roettiger et al. 1996; Norman & Bryan 1999) show that nonaxisymmetric structures in the temperature distribution are erased several Gyr after each merger. The presence of asymmetric temperature structures suggest that the central region of the Coma cluster has experienced a merger, and the lack of hard component shows that its core have relaxed in the last several Gyr.
The observed cool region in the southeast of the center region coincides with the filamentary structure originating near NGC 4911 and NGC 4921 (Vikhlinin et al. 1997; Donnelly et al. 1999) . Arnaud et al. (2001) reported that the temperature of this cold area ranges from 5 to 7 keV. This region mostly contain the stripped subcluster gas, which is thought to be relatively cool in the initial state. The numerical simulations (e.g., Schindler & Müller 1993) suggest that the gas would maintain its temperature for several Gyr. Ishizaka & Mineshige (1996) showed that even a single subcluster collision with supersonic velocity creates both hot and cool regions in the main cluster. Although heating due to collisions occurs, cooling would also occur through the adiabatic expansion of the stripped gas.
Searching for gas bulk motions
The measurements of bulk motions in ICM are also important to derive the gravitational mass of clusters of galaxies. We constrained the upper limit of ICM bulk motions in the center and 14 ′ offset regions on the scale of 117 kpc (4. ′ 5) and 234 kpc (9 ′ ), respectively, which correspond to the scales of regions for spectral accumulation (see section 2 and subsection 4.5.3). The upper limit of gas bulk motions is |∆v| < 1100 km s −1 . As summarized in table 4, considering the systematic error of 18 eV, or 818 km s −1 with a 90% confidence level (Section 4.5.1), there are no significant bulk motions in the center and 14 ′ offset fields. Compared with the sound velocity of the Coma cluster, s = (γkT /µmp) 1/2 ∼ 1500 km s −1 for a temperature of kT = 8 keV, the bulk-motion in the central region of the Coma cluster does not exceed the sound velocity.
Our results do not conflict with the discovery of pressure fluctuations in the center of the Coma cluster by Schuecker et al. (2004) which indicates that at least 10% of the ICM pressure is in turbulent form. We have not constrained the turbulence, and the scale of the fluctuation ranges between 29 kpc and 64 kpc, which is smaller than our scale of spectral analysis.
The velocity difference between the main cluster and the NGC 4839 subcluster from optical observations is 486 km s −1 . Although the best-fit line-of-sight velocity of the subcluster is higher than that of the main cluster by ∼ 1000 km s −1 , the difference is comparable to statistical and systematic errors. Because the temperature of the region is about 5 keV, the sound velocity is ∼ 1150 km s −1 . Considering the error bars, we conclude that the relative line-of-sight gas velocity in the NGC 4839 subgroup region does not greatly exceed the sound velocity.
Numerical simulations indicate that a major merger between clusters raises the temperature of ICM and induces a bulk velocity of the order of 1000 km s −1 (e.g., Roettiger et al. 1996; Norman & Bryan 1999) . In the late phase of mergers, turbulent motions develop in a simulation by Takizawa (2005) . The non-detection of bulk-motions in ICM of the Coma cluster also indicates that the central region of the cluster is in a somewhat relaxed state. If so, the non-thermal electrons relevant to the radio halo of the Coma cluster may have been accelerated by the intracluster turbulence rather than shocks. In conclusion, the line-of-sight gas velocity of the Coma cluster in the observed region does not greatly exceed the sound velocity, and the central region of the Coma cluster is in a nearly relaxed state. This means that the assumption of hydrostatic equilibrium is approximately valid in calculating the cluster mass of the Coma cluster.
Fe Abundance map
The Fe abundance is nearly constant at ∼ 0.4 solar within a clustocentric radius of 0.5 Mpc, and beyond that distance it decreases with the radius to 0.2-0.3 solar. This profile is consistent with those measured by XMM (Arnaud et al. 2001; Matsushita 2011 ). Suzaku has a lower level of background, and a slightly better energy resolution: therefore, systematic uncertainties in Fe abundance are considered to be smaller.
Differences in abundance profiles of ICM in central regions of clusters with and without cool cores have been reported (Fukazawa et al. 2000 , De Grandi & Molendi 2001 , Matsushita 2011 . Matsushita (2011) showed an abundance difference between the two type of clusters within 0.1r180, while at 0.1-0.3r180, the average values of Fe abundances are both ∼ 0.4-0.5 solar, and are consistent with each other.
The Coma cluster is thought to have experienced a major merger in the recent past and subsequently, the central region came to a somewhat relaxed state. During a cluster merger, the mixing of ICM could destroy any central Fe peak. In the first stage of merging, the Fe peak and cool core remain intact as observed in some ongoing merging clusters (Molendi et al. 2000; Sun et al. 2002) . For example, Abell 2256, an ongoing merging cluster, has an abundance gradient in the direction opposite of the merging direction owing to the remixing of the gas. Numerical simulation also support this scenario. Schindler et al. (2005) performed hydrodynamical simulations with two different merger types of clusters: Cluster 1 has only small merger events, while Cluster 2 undergoes a major merger (mass ratio 1:3). In Cluster 1, the abundance is more than ∼ 0.4 solar within a radius of 0.1 Mpc, and decreases from ∼ 0.3 solar to ∼ 0.1 solar with a decrease in radius. The situation is different in Cluster 2. In the Coma cluster, the Fe abundance is ∼ 0.4 solar and homogeneous within a radius of 0.5 Mpc. This value of the Fe abundance is similar to those at 0.2-0.3r180 in other clusters as shown in figure 13 . Therefore, tn the Coma cluster, the merger have destroyed the cool core, and mixed the ICM completely at least within 0.5 Mpc.
Summary & Conclusion
The Coma cluster which was observed with the X-ray Imaging Spectrometer (XIS) onboard Suzaku, was analyzed by the X-ray satellite in six pointings, centered on the X-ray peak and offset by 14 ′ west, 30 ′ , 34 ′ , 44 ′ , and 60 ′ . Because of its low background, Suzaku is the most sensitive X-ray satellite for observing Kα lines of Fe in the intracluster medium. After obtaining accurate measurements of Fe lines, we studied the temperature structure of the intracluster medium, searched for possible bulk-motions, and measured the Fe abundance in the cluster.
The spectra of each extracted region were well fitted by the single-temperature APEC model, and the two-or three-temperature APEC model did not improve χ 2 . The temperatures derived from the observed ratios of Kα lines of H-like and Helike Fe agree well with those from spectral fittings with the single-temperature APEC model. Because this line ratio is a strong function of plasma temperature, the observed consistency supports the accuracy of temperature measurements with Suzaku, and constrains the temperature structure of ICM.
The observed values of the central energy of the He-like Fe line of the center, 14 ′ , 30 ′ and 34 ′ offset regions are constant within 500 km s −1 , which corresponds to the calibration error. Because relative bulk velocities in the Coma cluster are smaller than the sound velocity of the intracluster medium, 1500 km s −1 , we can verify the derived total mass in a cluster on the basis of the hydrostatic ICM equilibrium inside the 34 ′ offset region. Significant bulk velocities were also not found in the 44 ′ offset region, which corresponds to the NGC 4839 subcluster.
The results on the temperature and velocity structure suggest that the core of the Coma cluster is in a fairly relaxed state. This is consistent with models in which the non-thermal electrons relevant to the radio halo are accelerated by the intracluster turbulence rather than large-scale shocks. This is also consistent with the fact that numerical simulations show that the turbulence motion is developed in the late phase of mergers.
The observed Fe abundance of the intracluster medium is almost constant at 0.4 solar inside the 34 ′ offset region, and decreases with radius. The central abundance is slightly lower than that of other clusters or groups. This indicates that central regions of the gas were mixed well during the past merger growth of the cluster. 
